This paper concerns the development of water-compatible fluorescent imaging probes with tunable photonic properties that can be excited at a single wavelength. Bichromophoric cassettes 1a-1c consisting of a BODIPY donor and a cyanine acceptor were prepared using a simple synthetic route, and their photophysical properties were investigated. Upon excitation of the BODIPY moiety at 488 nm the excitation energy is transferred through an acetylene bridge to the cyanine dye acceptor, which emits light at approximately 600, 700, and 800 nm, i.e., with remarkable dispersions. This effect is facilitated by efficient energy transfer that gives a "quasi-Stokes" shift between 86 and 290 nm, opening a huge spectral window for imaging. The emissive properties of the cassettes depend on the energy-transfer (ET) mechanism: the faster the transfer, the more efficient it is. Measurements of rates of ET indicate that a through-bond ET takes place in the cassettes 1a and 1b that is 2 orders of magnitude faster than the classical throughspace, Fö rster ET. In the case of cassette 1c, however, both mechanisms are possible, and the rate measurements do not allow us to discern between them. Thus, the cassettes 1a-1c are well suited for multiplexing experiments in biotechnological methods that involve a single laser excitation source. However, for widespread application of these probes, their solubility in aqueous media must be improved. Consequently, the probes were encapsulated in calcium phosphate/silicate nanoparticles (diameter ca. 22 nm) that are freely dispersible in water. This encapsulation process resulted in only minor changes in the photophysical properties of the cassettes. The system based on cassette 1a was chosen to probe how effectively these nanoparticles could be used to deliver the dyes into cells. Encapsulated cassette 1a permeated Clone 9 rat liver cells, where it localized in the mitochondria and fluoresced through the acceptor part, i.e., red. Overall, this paper reports readily accessible, cyanine-based through-bond ET cassettes that are lypophilic but can be encapsulated to form nanoparticles that disperse freely in water. These particles can be used to enter cells and to label organelles.
Introduction
Fluorescent labels that display high photostability and chemical stability, bright fluorescence, and emission wavelength tunability are important tools in cellular biology. 1,2 Such labels generally allow for high-quality images at lower photon flux, without sacrificing accuracy (low background). If the labels allow channel multiplexing, then that is also an advantage, as it facilitates tracking of several components in a single experiment. 3, 4 However, large Stokes' shifts are required to achieve resolutions necessary for multiplexing experiments. These shifts correspond to energies required for reorganization from ground to excited states; 5,6 for most planar, conjugated organic labels, which have relatively small Stokes' shifts (10-20 nm) , 7 this parameter is not easily manipulated. 8, 9 Thus, multiplexed fluorescent labels for excitation at one wavelength must involve compromise between two opposing physical parameters. 3 If the excitation source is set at the absorption maxima of the dyes used, then all the dyes must have nearly the same absorption maxima, and the limit of the resolution is defined by the Stokes' shifts of the dyes. Conversely, if the dyes are chosen for their diverse fluorescence emission maxima, then the UV absorption maxima of some of the dyes will not correspond to the excitation wavelength, these dyes will absorb less light, and they will fluoresce less brightly. † Many applications in bioimaging require probes that are compatible with aqueous media. Incorporation of water-solubilizing groups in labels is a challenge 10 and presents problems during purification, 5 especially since even small amounts of fluorescent impurities may skew the data obtained in imaging experiments. Furthermore, water-solubilizing groups attached to fluors often result in decreased fluorescence intensities due to nonradiative decay processes facilitated by solvation sphere rearrangement in the excited state. 11, 12 Finally, if these obstacles are overcome, the resulting labels may be highly polar; this tends to impart an increased affinity for cytoplasm, making the probes less useful for imaging of other cellular compartments.
Here we present a rational design of fluorescent labels that allows tuning of fluorescent outputs through a wide emission window via cassettes composed of donor and acceptor chromophores. 8, 11, 13, 14 Specifically, this paper describes cassettes that work via excitation of a BODIPY-based [15] [16] [17] [18] donor with blue light (e.g., 488 nm) followed by fast energy transfer (ET) to variable cyanine-based 19, 20 acceptors, which then emit red light. Three cassettes were prepared, 1a-1c (Scheme 1). The wavelength of the emitted light depends on the structure of the acceptor and varies from 590 to 794 nm. While the Stokes' shift of the donor is short (∼20 nm), the red shift in the cassettes is between 86 and 290 nm; this dispersion is greater than any other achieved in cassettes generated in these laboratories. [21] [22] [23] [24] [25] [26] [27] [28] [29] These probes are relatively easy to make, partly because they are lipophilic, but they have poor water solubilities. To obviate this issue, the cassettes were encapsulated in calcium phosphate/ silicate nanoparticles that are freely dispersed in water. Experiments are described to elucidate how these particles can be used as delivery agents wherein the dye-containing particles become localized within the cells.
Results and Discussion

Syntheses and Spectroscopic Properties of the Cassettes.
Cassettes 1a-1c were prepared by cross-coupling the readily available donor fragment D with the iodine-functionalized cyanine dyes 2a-2c (Scheme 1 and Supporting Information). These materials were easily purified via flash chromatography because they are lipophilic and colored.
Spectroscopic data for the cassettes 1 are presented in Figure  1 and Table 1 . Figure 1a shows the absorbance spectra; these resemble the summation of components from the donor and acceptor fragments. When the cassettes are excited at 504 nm (the donor), 1a and 1b emit predominantly from their acceptor fragments; only about 10% of the fluorescence "leaks" from the donor part. Leakage from the donor is prevalent in the fluorescent spectra of 1c under the same conditions. Quantitatively, this parameter is reflected by the energy-transfer efficiencies (ETEs; {Φ d /Φ a } × 100%) 29 of these cassettes (1a and 1b, >88%; 1c, 43%).
We speculate that the difference in quantum yields for the three cassettes after encapsulation is due to the orientation of the cassettes within the particles. In the case of cassette 1a (Cy3 cassette), the fluor is well encapsulated and devoid of any π-stacking; hence, its quantum yield is high. However, 1b and 1c may be oriented in ways that favor more π-stacking, resulting in lower quantum yields.
Ultrafast Spectroscopy Measurements. Ethynylene linkers were incorporated in cassettes 1a-1c to facilitate donor-toacceptor ET through bonds, 30 though through-space ET is also plausible. Femtosecond transient spectroscopy was performed to compare actual rates of ET in these systems to ones calculated for transfer through space (fluorescence resonance energy transfer, FRET). As a control, intermolecular ET between the donor D in ethanol and an equimolar (3.1 × 10 -6 M) concentration of the non-iodinated analogues of the acceptors (2a, Cy3) was also studied. Energy transfer did occur under these conditions, at a rate of 1.85 × 10 9 s -1 .
Energy transfer rates were measured for the cassettes 1a-1c (at the concentration of 3.1 × 10 -6 M) and compared with the rates calculated for through-space ET using the Förster model (Table 2) . From the perspective of the resonance energy transfer (RET) theory, the overlap integral J for the emission of the donor (common for the three cassettes) and the absorption of the indocyanine acceptor ( Figure 2) show a stepwise decrease 1a > 1b > 1c, while the Förster radius (R 0 ) increases. Following the Förster model, the calculated theoretical value for the RET decreases from 8.59 × 10 9 for 1a to 1.88 × 10 9 for 1b and 1.39 × 10 9 for 1c (Table 2) . Consequently, the Förster ET rate calculated for cassette 1a, for instance, was approximately 4 times faster than the observed rate for the intermolecular transfer in the control described above.
Observed ET rates for cassettes 1a and 1b were 2 orders of magnitude higher than the rates predicted for the Förster model. Specifically, the rates for 1a and 1b are 56 and 67 times faster than the ones calculated for through-space ET (Table 2) . These data suggest a dramatic effect of the donor-acceptor communication through the phenylethyne bridge.
Cassette 1c shows an ET rate equal (within 10% error) to the through-space ET rate following the Förster model. This suggests that in 1c the RET proceeds through-space or in a mixed through-space and through-bond mechanism. Overall, the measured rates suggest the efficiency decreases from 90 to 87 and 43% for 1a, 1b, and 1c, respectively.
On a picosecond time scale, ET was observed by following the concerted kinetics of the donor-stimulated emission decay after the excitation and the population of the acceptor excited state following the bleaching of the donor. After the energy is transferred, the acceptor decays at its usual time scale, i.e., as if excited directly. For example, excitation of cassette 1a at the donor (420 nm) by a femtosecond laser pulse is followed by the decay of a singlet state, which is complete within 2.1 ps and is accompanied by the population of an acceptor excited a Quantum yield of acceptor when excited at donor relative to rhodamine 6G (Φ ) 0.92 in EtOH). b Quantum yield of acceptor when excited at acceptor relative to rhodamine 101 for 1a (Φ ) 1.0 in EtOH) and Nile Blue for 1b (Φ ) 0.27 in EtOH). c No appropriate standard due to range of wavelengths. d See Supporting Information for calculation. Quantum yields were measured three times and averaged, and they were corroborated using the absolute fluorescence quantum yield measurements. ETE, energy transfer efficiency, calculated as (Φ d /Φ a ) × 100%. a Transfer rate for the Förster through-space ET was calculated using r (donor-acceptor distance), determined as an average center-to-center distance using k T (r) ) R 0 6 /τ D , 2 ) 2/3, r 6 formula, and r ) 66.41 Å. b Relatively fast population of the acceptor singlet excited state occurred due to the direct pumping of the acceptor absorption by the laser (1c, ε 420 ) 9800 M -1 cm -1 ). state with 2.2 ps raise time. Thereafter, the acceptor decays with a fluorescence lifetime of 352 ps by emitting with a λ max of 600 nm (Figure 3) . Similarly, exciting cassette 1b at 420 nm results in singlet-state population of the BODIPY donor, decay within 8.0 ps, and then complete population of the acceptor excited state after 9.6 ps; the acceptor singlet excited state decays with a fluorescence lifetime of ∼1 ns (λ max ) 680 nm). In contrast to the other two cassettes, the donor of 1c decays slowly (within 800 ps), which suggests that the excited state of the donor is not being depopulated by a strongly coupled acceptor as it is in the cassettes 1a and 1b, and the ET is less efficient. Through-space RET is still operational in the cassette 1c since the donor alone decays with a lifetime of 4 ns, which is comparable to the 800 ps rate in the cassette.
The following conclusions can be drawn from the measurement of ET rates. First, a significantly more efficient pathway for donor-acceptor communication exists for cassettes 1a and 1b compared to that in 1c. Aryl-ethynyl-aryl moieties display a strong electronic coupling, 30 and this suggests that the ET takes place through the bridge. The efficiency and rate of the ET processes in 1a and 1b are a strong indication of an exciton hopping mechanism. [31] [32] [33] [34] Cassette 1c transfers energy at a rate that can be rationalized using the Förster through-space model.
Encapsulation of the Dyes in Calcium Phosphate/Silicate.
Cassettes 1a-1c are not water-soluble, but we show here that they can be encapsulated in calcium phosphate to form nanoparticles. With respect to biotechnological applications, calcium phosphate is an excellent matrix for nanoparticle encapsulation because (i) moderate concentrations of Ca 2+ ions are not toxic to cells; (ii) it is not toxic in ViVo (found in human bone and teeth); (iii) it is claimed that calcium phosphate dissolves below pH 5.5 to liberate the cargo but is stable at 7.4; 35 (iv) particles of this matrix disperse freely in aqueous media; and (v) the surface of these particles can be functionalized. 36, 37 Adair and co-workers have shown that spherical, ca. 18 nm diameter calcium phosphate nanoparticles can be formed with citrate-derived surface carboxylate groups and fluorescent dye cargoes. 38 They have investigated these particles for imaging in cells and in ViVo. [39] [40] [41] [42] [43] In our work, calcium phosphate/silicate nanoparticles encapsulating cassettes 1a-1c were prepared via Adair's procedure 38 except that a longer reaction time was used (24 h, not 5 min), the particles were purified via medium-pressure rather than highpressure liquid chromatography, and finally a dialysis step was performed to transfer the particles from an ethanolic to an aqueous medium. Figure 4 shows atomic force microscopy images of the particles formed from the cassettes 1; these are quite uniform, with diameters around 22 nm.
Spectroscopically, encapsulated cassettes 1a-1c had absorption and fluorescent spectra that are almost identical to those of the free cassettes in EtOH (see Table 1 ). The quantum yield of encapsulated 1a -CaNP increased about 30% relative to the free dye in EtOH, but for 1b-CaNP and 1c-CaNP it decreased by 5-and 2-fold respectively, which is satisfactory for some applications. Throughout, the ETEs were essentially unchanged.
Permeation of the Particles into Clone 9 Rat Liver Cells.
Cassette 1a and 1a-CaNPs were imported in Clone 9 cells at 37°C to study their subcellular localization. Cassette 1a was observed in different organelles: the mitochondria, the lysosomes, the endoplasmic reticulum (ER), and the cytoplasm. Interestingly, the emission output observed was dependent on the subcellular compartment. Thus, in the mitochondria, perfect ET was observed; i.e., only emission from the cyanine was seen, hence the probes fluoresced red. Diffuse green fluorescence was observed in the cytoplasm and ER and in some bright punctates (lysosomes); the green fluorescence is indicative of emission from the donor part. Conversely, 1a-CaNPs localized only in the mitochondria, and sole emission from the cyanine part was observed; i.e., the dyes fluoresced red ( Figure 5 ). When the cells were treated with 1a-CaNPs at 4°C, no fluorescent signal could be observed after 2 h incubation, indicating that the nanoparticles may enter via endocytosis.
Conclusions
The research described here represents the first report of coupling BODIPY-based donors with cyanine acceptors in ways that facilitate energy transfer through bonds. The dispersion of fluorescence emissions from these cassettes is greater than any others prepared by us or, to the best of our knowledge, by others. The observed ET rates for cassettes 1a and 1b are significantly faster than for dipole-dipole coupling in a through-space manner, indicating transfer through bonds is indeed occurring. Overall, they are excellent tools for fluorescence multiplexing in biotechnology.
Syntheses of such cassettes are straightforward because they are lipophilic. The idea of using water-dispersible nanoparticles to bring lipophilic cassettes into aqueous media, thereby circumventing syntheses of water-soluble materials, is novel and has the potential to be applied to other donor-acceptor systems where water-soluble modifications would be hard to make. The absorbance and emission maxima of the cassettes and the extent of donor-acceptor energy transfer (ETE) remained significantly unchanged after encapsulation into nanoparticles. Conversely, and surprisingly, the fluorescence quantum yields of the three systems studied in this paper were significantly affected. Thus, the fluorescence quantum yield for 1a-CaNPs increased by about 30% relative to the free dye in EtOH, while for 1b-CaNPs and 1c-CaNPs it decreased by 5-and 2-fold, respectively. Nanoparticles encapsulating these cassettes may have applications for intracellular imaging and for observation of parallel macroscopic events in ViVo, e.g., as labels for targeting different cancer forms simultaneously, and allow specific targeting of organelles. Other applications beyond organelle targeting in cells can now be envisaged.
